Abstract. Atherosclerosis, the major cause of heart attack and stroke, is a chronic inflammatory disease characterized by the formation of atherosclerotic plaque. Oxidized lowdensity lipoprotein through increased oxidative stress has been identified as one of the primary factors responsible for atherogenesis. Cell proliferation and death are key processes in the progression of atherosclerosis. The oxidative environment in areas of lipid accumulation is mainly created by the production of reactive oxygen species, which are assumed to mediate vascular tissue injury. Oxidative DNA damage and levels of DNA repair are reduced during dietary lipid lowering. The tumor suppressor molecules play a pivotal role in regulating cell proliferation, DNA repair and cell death, which are important processes in regulating the composition of atherosclerotic plaque. Accordingly, in this review, we discuss the fundamental role of tumor suppressor molecules in regulating atherogenesis. In particular, we discuss how tumor suppressor molecules are activated in the complex environment of atherosclerotic plaque, and regulate growth arrest, cell senescence and the apoptosis of vascular smooth muscle cells, which may protect against the progression of atherosclerosis. In addition, we discuss promising alternatives to the use of medications (such as statin) against atherosclerosis, namely diet, with the use of plant-derived supplements to modulate the expression and/or activity of tumor suppressor molecules. We also summarize the progress of research made on herbs with a focus on the modulatory roles of tumor suppressors, and on the molecular mechanisms underlying the prevention if atherosclerosis, supporting designs for further research in this field.
Introduction
Atherosclerosis is a systemic disease affecting multiple regions in the arterial wall, which is the primary cause of myocardial infarction, stroke and other peripheral vascular diseases. It is known to be involved in ongoing inflammatory responses and pro cesses (1) , and inflammation plays a central role in all phases of atherosclerotic development (2) . Thus, atherosclerosis is also a progressive inflammatory disease of the arterial wall (3), which was for merly regarded as a lipid storage disease. In addition to inflammation, the deposition of cholesterol in the arterial wall plays an important role in the pathogenesis of atherosclerosis (4) . The condition causes progressive smooth muscle cell (SMC) proliferation and migration that contributes to vascular stenosis (5) . Diabetes, obesity and dyslipidemia are primary risk factors for the development of atherosclerosis (6) , which are also epidemiologically linked to the increased susceptibility to a various types of cancer (7) . The association between obesity and breast cancer, for example, is well established (8) . Atherosclerotic plaques grow by the accumulation of inflammatory cells and lipid substances, which is associated with the production of reactive oxygen species (ROS). It has been demonstrated that ROS can interact with cellular DNA to cause DNA strand breaks and/or base modifications (9) . These oxidative modifications to DNA may cause a variety of mutations. One of the prominent features of dyslipidemia is the enhanced production of oxidized low-density lipopro-tein (ox-LDL), which has been implicated in the key steps of the proliferation of vascular cells and atherogenesis (10) . In vascular cells, the internalization of ox-LDL has been shown to trigger signaling events resulting in the overproduction of ROS, inflammation and proliferation (11) .
The cellular composition of an atherosclerotic lesion is an important determinant of lesion stability (12) . Therefore, the modulation of lesion composition is important in order to reduce the risk of atherosclerotic plaque rupture. Cell proliferation and cell death are key processes in regulating the cellular composition of atherosclerotic lesions (13) . Tumor suppressor molecules play a pivotal role in regulating both cell proliferation and cell death in a number of cell types, although different genes also play important roles in the initiation and modulation of atherosclerotic disease through different mechanisms, either through up-or downregulation (14) (Fig. 1) . Consequently, tumor suppressor genes involved in regulating cell proliferation and cell death may play an important role in the progression of atherosclerotic lesions, coinciding with changes in cellular composition. For example, the deletion of the tumor suppressor gene, p53, an essential molecule in cell proliferation, DNA repair and apoptosis, strongly exacerbates atherosclerosis (15) . In addition, the p53 downstream target, p21WAF1, an inhibitor of cell cycle progression through the inactivation of cyclin-cyclin-dependent kinase (CDK) complexes during the G1 phase of the cell cycle, has proatherogenic functions (16) . These data indicate the important role of tumor suppressor molecules in controlling atherogenesis. In this review, the association between atherosclerosis and certain tumor suppressor molecules is summarized with focus on the pathogenesis of atherosclerosis, which would essentially facilitate more effective treatments for a better prognosis.
Association between atherosclerosis and tumor suppressors
The proliferation of vascular smooth muscle cells (VSMCs) contributes to a variety of pathological states including atherosclerosis (17) . Cell invasion of the extracellular matrix is essential for the cross tissue migration of VSMCs in atherosclerosis (18) . The tumor suppressor, p53, has gained attentiondue to its additional function as a suppressor of cell migration and invasion. p53 also facilitates the apoptosis of VSMCs and is involved in the ox-LDL-induced apoptosis of macrophages (19) . As much of the genotoxic stress response flows through the p53 pathway, p53 is considered to play an important role in the effects of genotoxic stress. Furthermore, DNA damage disorders caused by mutations in genotoxic stress-response genes are characterized by atherosclerosis (Fig. 1) . p53 is ubiquitously expressed in all cell types as an inactive transcription factor which undergoes activation in response to various types of cellular stress. Evidence has implicated p53 as a regulator of pathological vascular remodeling (20) . The effects of p53 are mediated through different downstream effectors and targets. Among these, the CDK inhibitor, p21WAF1, is a key mediator of p53 action, which may be involved in monocyte and dendritic cell differentiation (21) . There is substantial evidence that p21WAF1 also participates in the protective effects of p53 on atherosclerosis (22) . Generally, p21WAF1 is considered as a potential therapeutic gene that may be used to treat or prevent atherosclerosis. p21WAF1 regulates cell-cycle progression, senescence and differentiation in injured blood vessels, which may function to prevent atherogenesis by regulating the redox balance, which leads to the inhibition of adhesion molecules (23) . The CDK inhibitor, p27KIP1, also regulates cell proliferation, vascular remodeling and inhibits atherosclerosis. While the expression of tissue factors is a key initiator of the coagulation cascade associated with atherosclerosis, p27KIP1 inhibits tissue factor expression at the transcriptional level (24) . In addition, a single nucleotide polymorphism (838C>A) in the p27KIP1 gene is associated with a commonly encountered genetic variant associated with therapeutic cardiovascular interventions (25) . Furthermore, the inactivation of p27KIP1 has been shown to exacerbate atherosclerosis in a mouse model (26) . Minocycline has been shown to reduce plaque size and stenosis in diet-induced atherosclerosis through increased p27KIP1 expression in a mouse model (27) .
The residue-specific phosphorylation profile of the retinoblastoma tumor suppressor (Rb) appears to differ between the internal mammary artery and coronary artery (28) . The differential profile of Rb phosphorylation may be a consequence of variances in the content of the CDK2 and CDK4 phosphorylation inhibitor, p15INK4. siRNA-mediated CDK2 knockdown modifies the profile of Rb phosphoryl ation in VSMCs of the coronary artery, as well as the proliferative response of these cells to mitogenic stimulation (28, 29) . The intrinsic functional and protein composition specificity of the VSMC population in the coronary artery may contribute to the increased incidence of atherosclerosis in the arteries. In fact, foam cell formation is induced through increased Rb phosphorylation (30) . Apolipoprotein E (ApoE)-deficient mice lacking macrophage Rb display accelerated atherosclerosis coinciding with increased macrophage proliferation, suggesting that macrophage Rb is a suppressive factor in the progression of atherosclerosis by reducing macrophage cell proliferation (31) . The phosphatase and tensin homolog deleted on chromosome 10 (PTEN)/AKT signaling pathway has also been implicated in the pathogenesis of vascular diseases. PTEN is a dual-specificity phosphatase that has been shown to inhibit VSMC proliferation and migration (32) . Genetic research has demonstrted that the PTEN gene is critical to the pathological develop ment of atherosclerosis (33) . In addition, elevated PTEN expression and concomitant AKT inactivation have been observed in the endothelium of atherosclerotic arteries (34) . The PTEN pathway may be important in the regulation of the inflammatory response in VSMCs. The tumor suppressor breast cancer 1, early onset (BRCA1) gene implicated in the development of breast and ovarian cancers exerts multiple effects on DNA repair and affords resistance against cellular stress responses (35), which is basally expressed in endothelial cells. BRCA1 may be a gatekeeper of inflammation-induced endothelial cell function (36, 37) . Whereas BRCA1 silencing exaggerates inflammation-induced endothelial cell apoptosis, BRCA1 overexpression protects cells againts this. BRCA1 overexpression intensely attenuates the production of ROS, upregulating endothelial nitric oxide synthase and vascular endothelial growth factor expression. BRCA1 expression is attenuated in the plaque region of human atherosclerotic arteries. It has been shown that single nucleotide polymorphisms (SNPs) in the BRCA1-associated protein (BRAP) gene are associasted with the risk of myocardial infarction in a large cohort (38) .
Activation and inactivation of tumor suppressors involved in atherogenesis
Again, cell proliferation and cell death are important processes in regulating macrophage and VSMC numbers in the atherosclerotic lesion, which may directly influence lesion stability. Atherosclerosis is initiated by the subendothelial accumulation of cholesterol-engorged macrophages (39) . Atherosclerotic plaques contain β-Gal-positive vascular endothelial cells (VECs) and VSMCs exhibit the morphological features of senescence. It has also been reported that interleukin-1β (IL-1β) is expressed in senescent cells located in human atherosclerotic lesions, suggesting that senescent cells may promote inflammation in lesions (40) . Tumor suppressor molecules regulate diverse cellular activities, including DNA damage repair, cell proliferation, cell differentiation, cell migration, cellular senescence and programmed cell death (Fig. 1 ). An important tumor suppressor is the p53 tumor suppressor. Other examples of tumor suppressors, include Rb, PTEN, p21WAF1, p27KIP1 and BRCA1 (Fig. 2) (18) . Various cell proliferation-and apoptosissignal transduction pathways are built on complex networks between oncogenes and tumor suppressor genes, such as p53 and its downstream factors. For example, the tumor suppressor p53 regulates the expression of various genes and plays an important role in cell proliferation and in the modulation of signal transduction pathways (41) . The accumulation of p53 in cells following DNA damage leads to cell cycle arrest and the induction of apoptosis. In addition, p53 is involved in the repair of damaged DNA and thus prevents the accumulation of mutations and suppresses tumor development (42) . There are two types of p53 genes, the wild-type p53 gene and the mutant p53 gene (43) . Oncogenic p53 mutations usually confer the mutant protein with a dominant-negative activity over the remaining wild-type gene. Many mutant p53 forms acquire dominant-negative activities, and sometimes gain oncogenic properties (43) . These activities of p53 are also regulated by post-translational modification (44) . The phosphorylation and acetylation state, subcellular localization and interaction with other cellular proteins are likely to influence the function of p53 (45) . In cells facing oxidative stress and DNA-damage, p53 dissociates from its ubiquitin ligase mouse double minute 2 homolog (MDM2) (46), through various post-translational modifications which promote its stabilization.
Functional studies have linked p53 with proliferative vascular disease. Arterial p53 inactivation following human cytomegalovirus infection may contribute to coronary restenosis (47) . In addition, p53-null mice are susceptible to atherosclerosis (48) . However, the role of p53 in VSMC proliferation and apoptosis in atherosclerosis is somewhat controversial. Cell-specific p53 deficiency worsens the progression of atheroma in animal models of diet-induced atherosclerosis (49) . The induction of p53 during ischemia has been shown to contribute to tissue damage through the activation of apoptosis. By contrast, the temporary inhibition of p53 function may be beneficial to the prevention of injury to diverse Figure 1 . Schematic representation of tumor suppressor signaling including p53, retinoblastoma tumor suppressor (Rb), p21WAF1/p27KIP1, phosphatase and tensin homolog deleted on chromosome 10 (PTEN) and breast cancer 1, early onset (BRCA1). Examples of molecules involved in atherogenesis known to act on cell proliferation, cell migration, cell growth arrest and DNA repair through the regulatory pathways are shown. Note that some critical pathways have been omitted for clarity. RTKs, receptor tyrosine kinases; PI3K, phosphoinositide 3-kinase; ROS, reactive oxygen species; ATM/ATR, ataxia telangiectasia mutated/ ataxia telangiectasia. organs (50) or in the treatment of myocardial infarction (51) . p53 may act to promote cell death or survival depending on the cell type, gene expression profile, protein activity and the type of stress stimuli (52) . In addition to p53, a number of cell cycle regulators modulate Rb function through its phosphorylation status. Hypo-phosphorylated wild-type Rb is tightly bound to the nuclear matrix and seems to be critical in the inhibition of cellular proliferation (53) . By contrast, hyper-phosphorylation is a physiological mechanism of the inactivation of Rb. Active complexes of G1 cyclins and CDKs inactivate Rb through its phosphorylation (54) , while p21WAF1 and p27KIP1 inhibit CDKs. As reversible phosphorylation plays a fundamental role in regulating intracellular signaling, dysregulation of the mechanisms that regulate phosphorylation may also play a role in the initiation and maintenance of atherosclerosis.
The adenoviral vector-mediated delivery of the p21WAF1 gene to the vessel wall has been shown to protect arteries against the development of intimal hyperplasia (55) , which also protects against restenosis in ApoE-deficient mice by reducing VSMC proliferation and macrophage infiltration (56) . However, it has been shown that p21WAF1 may also be a proatherogenic molecule. The inactivation of p21WAF1 appears to protect against atherosclerosis, inhibiting lesion growth and promoting its stability. Therapies that target p21WAF1 for inactivation in the appropriate situation may offer protection against atherosclerosis (57) . PTEN upregulation induces endothelial dysfunction by attenuating the availability and signaling of multiple angiogenic pathways in VSMCs (34, 58) . However, adenovirus-mediated PTEN overexpression inhibits the formation of vascular obstructive lesions induced by mechanical injury. BRCA1 overexpression develops less aortic plaque lesions, exhibits reduced macrophage infiltration, and generates less ROS (36, 59) . Aortic segments from BRCA1(-/-) mice have demonstrated more inflammation-associated apoptosis and impaired endothelial function (36, 59) . Mainly, the above-mentioned tumor suppressor molecules may be regulators of systemic lipid homeostasis and of the development of atherosclerosis.
Diet-induced expression of tumor suppressors may contribute to vascular protection through the modulation of atherogenesis
Potential therapeutic strategies exploit the observation that defects in critical processes required for maintaining cellular homeostasis produce a metabolic situation characterized by atherosclerosis (48, 60) . It has been reported that the free cholesterol loading of macrophages induces apoptosis in atherosclerosis and that apoptosis decreases after lipid lowering (61) . In addition, the nutritional control of gene regulation guides the transformation of VSMCs into foam cells in atherosclerosis. Actually, several gene transcriptions are regulated by dietary polyunsaturated fatty acids (62) . Apoptosis in VSMCs can be promoted by the deregulation of tumor suppressor molecules. Furthermore, VSMCs in atherosclerotic plaques may be lost through the apoptosis, increasing the risk of thrombosis. As p53 deficiency leads to a substantial doubling of atherosclerotic lesion size, it may be speculated that diets that stimulate p53 expression in macrophages may lead to a reduction in atherosclerosis (63) . Therefore, it would be important to define appropriate strategies to achieve benefits from diet to control the expression of tumor suppressor molecules.
The medicinal herb, Gleditsia sinensis thorns, has been shown to induce an increase in cell cycle arrest during the G2/M phase, being associated with increased p53 levels (64) . Treatment with the ethanol extract of Gleditsia sinensis thorns in VSMCs has been shown to be associated with upregul ated p21WAF1 levels (65) . Both p53 and p21WAF1mRNA levels increase with the use of Kanglaite, an extract from Coix seed. Kanglaite appears to extend the half-life of the p53 protein (66) . Ginsenoside, one of the components in the American ginseng herb, has been shown to activate p53 (67) . In addition, the induction of apoptosis by thymoquinone, the most abundant component in black seed, has been shown to be associated with an increase in p53 mRNA expression and downstream p53 target genes (68) . Treatment with Magnolia officinalis extract has been shown to upregulate the expression of p21WAF1 and p27 KIP1 (69) . A herb-derived flavonoid compound, Baicalin, enhances the expression of p27 Kip1 (70) . Treatment with the ethyl acetate extract of Saussurea involucrata has been shown to induce p21WAF1 and p27KIP1 expression, independent of the p53 pathway (71) . Treatment with honokiol, a component of the oriental herb, Magnolia officinalis, has been shown to exert a marked decrease in the levels of Rb protein (72) . Triptolide, a purified extract from the herb Tripterygium wilfordii Hook F has been shown to increase p21WAF1 expression and reduce Rb phospho rylation (73) . Acanthopanax gracilistylus, a medicinal herb, decreases the levels of phosphorylated Rb protein (74) . Licochalcone and dichloromethane from cape aloe extract also inhibit the phosphorylation of the Rb, specifically at the S780 phosphorylation site (75, 76) . In addition, the multiherb anti-inflammatory product, Zyflamend, downregulates the phosphorylation of Rb (77) . Honokiol has been demonstrated to attenuate the angiogenic activities of human endothelial cells, which can attenuate phosphoinositide 3-kinase (PI3K)/AKT signaling through the upregulation of PTEN expression (78, 79) . Curcumin, an active ingredient derived from the root of the plant Curcuma longa, restores PTEN expression (80) . By contrast, some components of the Rosemary herb have been shown to inhibit the expression of PTEN in K562 myeloid cell line cells (81) . Soy phytoestrogens, such as genistein and daidzein decrease DNA methylation in BRCA1 gene (82) .
It will be a challenge to seek out how to use these medicinal herbs for the correction in critical processes required for maintaining cellular homeostasis linked to a metabolic situation characterized by atherosclerosis (Fig. 3) .
Perspectives
Atherosclerosis is likely to dominate clinical practice for decades. The information presented herein may provide further insight into the molecular mechanisms underlying the clinical use of herbs as a therapy for atherosclerosis. The identification of target molecules relevant for atherosclerosis allows screening for natural products capable of modulating targets. This may also represent the basis for the development of rational dietary treatment of other diseases. Future studies are required to demonstrate whether tumor suppressors and/or their downstream targets can be used to modulate the cellular composition of plaques, thereby enhancing plaque stability. Atherosclerosis is caused by a number of factors, including oxidative stress which increases sphingomyelinase and ceramides correlated with the level of ox-LDL (83) . During atherogenesis, ROS are formed, resulting in oxidative DNA damage which is followed by increased DNA repair activity so that initial damage is effectively repaired. Tumor suppressors are key molecules at this point. Further studies are required to elucidate the potential roles of damaged DNA in the pathogenesis of atherosclerosis. Further understanding of the local determinants of the phenotype of endothelial cells in the lesion and how they interact with atherosclerosis risk factors may lead to a notable improvement in therapies. 
